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Introduction
There are several consequences of normal aging including cognitive decline (Barnes, 1988 ,Driscoll, et al., 2006 ,Gallagher and Pelleymounter, 1988 ,Klempin and Kempermann, 2007 ,Wimmer, et al., 2012 , reduced deep sleep (Buechel, et al., 2011 ,Espiritu, 2008 ,Kirov and Moyanova, 2002 ,Zepelin, et al., 1972 altered circadian rhythm (Dijk, et al., 2000 ,Monk, 2005 ,Pace-Schott and Spencer, 2011 , and increased neuroinflammation (Gemma and Bickford, 2007,Nikodemova, et al., 2007) . Additionally, hypothalamic-pituitaryadrenal (HPA) activity has been documented to be increased with aging (Paul, et al., 2015) . Loss of deep sleep and deficits in hippocampal function are also observed with stress exposure (Prenderville, et al., 2015) . The allostatic load hypothesis of aging (McEwen and Stellar, 1993) posits that stress exposure has a cumulative and exacerbating influence on age-related processes. Several studies have shown that stress in young rodents and humans has long-lasting consequences throughout the lifespan (Lupien, et al., 2009) . Further, the chances of experiencing a new onset stressor, particularly a psychosocial (non-painful) stressor such as losing a job, death of a spouse, or becoming socially isolated, increases with age (House, et al., 1994) and the negative consequences of a stress exposure can be more severe in the aged population (Azuma, et al., 2015 ,Machado, et al., 2014 ,Prenderville, et al., 2015 ,Stein-Behrens and Sapolsky, 1992 . However, the lack of basic research on the age-related responses to new onset stressors represents an important area of investigation and has recently been referred to as part of the 'stress-aging gap' (Epel and Lithgow, 2014) .
To address this, in prior work (Buechel, et al., 2014) , we used restraint to model of acute psychosocial stress in young and aged male F344 rats. This manipulation induces sleep loss, cognitive deficit, and body temperature elevation in young animals. However, the same treatment failed to elicit these canonical responses in aged animals, despite the aged animals showing clear signs of distress during the restraint. Whether these sleep, cognitive, and body temperature changes in stress response occur in parallel across aging is not known, and mid-age could represent a crucial transition period in the aging stress-response phenomenon.
In this study, mid-aged male (12 mo) F344 rats were implanted with EEG/EMG telemetry devices to measure sleep architecture and body temperature. Effects on cognition were evaluated with the Morris water maze. Three hour restraint was used to model new-onset acute psychosocial stress in half of the animals. Middleaged animals showed post-stress cognitive deficits and hyperthermia, but did not show stress-associated deep sleep loss. In the context of earlier work on young and aged animals, these results indicate that age-related changes in sleep response to stress may be upstream of cognitive and body temperature response.
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Materials and Methods
Subjects
Sixteen middle-aged (12 mos) male Fischer 344 rats were obtained from the NIA aging colony. Animals were individually housed with enviro-dry bedding, rat tunnel and Nyla bone. They had access to food and water ad libitum and were acclimated to a 12 hour reverse light/dark cycle (4:30 AM lights off, 4:30 PM lights on). A timeline (Fig. 1) provides an overview of the experiment. Two additional animals were excluded due to surgical complications. Rats were randomly assigned to control and stress groups. All experiments were performed in accordance with institutional and national guidelines and regulations, and conform to our approved protocol (University of Kentucky IACUC #2008-0347).
Surgery
All subjects were implanted according to standard procedures with wireless EEG/EMG emitters (Data Sciences International-TL11M2-F40-EET) as in prior work (Buechel, et al., 2011 ,Buechel, et al., 2014 . Prior to surgery, EEG wires were cut to length and a sterile 1/8" stainless steel screw was soldered to the end of each lead. To begin surgery, animals were anesthetized with isoflurane and placed in a stereotaxic frame. A two-inch incision was made to expose the skull and spinotrapezius muscles. The emitter was placed under the skin between the left scapulae and the left ileum along the flank. The exposed dorsal region of skull was cleaned with 3% peroxide and the skull surface dried with sterile cotton swabs soaked in 70% ethanol. For EEG electrodes, a 0.7 mm hole was drilled 1 mm from either side of the sagittal suture line and 1-2 mm anterior to the lambda suture line. Screws were inserted into the holes and positioned so that the flat screw tip rested on the dura. Screw heads were covered with dental cement and left to dry. EMG electrodes were inserted through the trapezius muscle with a 21 gauge needle, perpendicular to the muscle fibers. The free wire end was capped with insulation and both sides of the incision were tied off with surgical thread to prevent fluid infiltration. The incision was then closed with 6-8 mattress stitches.
Sleep Data Acquisition and Analysis
Sleep data was acquired according to established protocols in prior work (Buechel, et al., 2014) . Animals were housed individually and cages were positioned at least 18" apart to avoid interference during radiotelemetry data acquisition. EEG, EMG, and temperature data were recorded continuously with DSI's Data Art acquisition software and binned in 10 s epochs. For these nocturnal rodents, the first 4 h of their resting period (light) and the first 4 h of their active period (dark) were evaluated for sleep architecture on the day prior to the start of water maze training (baseline), and following the stress/probe trial paradigm. Architecture was scored using Neuroscore's (v. 2.1.0 Data Sciences International) analysis console in 30 s increments while being viewed in 2-5 min windows. EEG waves were stratified into "low amplitude" (≤ 50% of maximum) and "high amplitude" (> 50% of maximum) tiers, and underwent fast Fourier transforms for each of 5 frequency ranges: ∆ (0.5-4 Hz), Θ (4-8 Hz), A (8-12 hz), Σ (12-16 Hz), and B (16-24 Hz). EMG waves were stratified into 3 tiers: "basal" ≤33% (seen during REM), "intermediate" (between 33 and 66%), and "high" (>66%). Stages based on EEG/EMG signaling were established as follows: Wake-intermediate or high EMG ± locomotor activity, EEG variable; Light Sleep-low amplitude EEG, intermediate EMG, and no locomotion; REM (paradoxical) Sleep-high frequency EEG, "basal" EMG and no locomotor activity; Deep Sleep-high amplitude EEG activity enriched in delta band frequency, basal to light EMG activity, no locomotor activity. Prior assigned sleep stages informed subsequent assignments. Ambiguous epochs, as well as those containing artifacts, were not scored and accounted for < 5% of scored time.
Water Maze
The water maze task was performed as in previous studies (Buechel, et al., 2011 ,Buechel, et al., 2014 . A 190 cm diameter circular, black painted pool was centered (250 cm/side) in a cubicle of floor to ceiling black curtains, making the environment relatively neutral. High contrast black and white cues (90 × 90 cm-circle, triangle and vertical lines), were placed, one to each of three curtains facing the maze, 60 cm above the maze rim. Maze temperature was maintained at 26 ± 2°C. One quadrant contained a 15 cm diameter escape platform covered with black neoprene for improved traction. Illumination in the room was set at 3.6 to 3.8 lux and a Videomex-V water maze monitoring system (v. 4.64 Columbus Instrument) was used for analyses. All training and probe sessions took place between 12PM and 4PM (during the rats' active period).
Visual Cue Training (pre-surgery)
The visual cue task took place over 3 days. A Styrofoam cup served as an additional cue and was hung by a black thread 12 inches above the submerged platform. Rats were given 3-60s trials and 60s on the platform with 2 minute inter-trial intervals. On the third day, all rats could reach the platform in under 30s for 2/3 trials (criterion for this study). The spatial cues for the spatially cued task were already present during this task.
Spatial Cue Training and Probe (post-surgery)
After rats recovered from surgery (2 weeks), they performed a spatially cued task as in prior work (Buechel, et al., 2014) . Briefly, external spatial cues were provided and the Styrofoam cup used in the visual cue was removed. As in the visual cue task, rats had 3-60s trials/day for three days with one minute on the submerged platform and 2 minute inter-trial intervals. On the fourth day immediately following restraint stress, the platform was removed and control and stressed rats performed one 60s probe trial. Path length, latency, platform crossings and path length in goal quadrant were recorded. Placement of the platform remained unchanged through the duration of the study; however, the starting quadrant changed for each trial. Animals started in the quadrant opposite the quadrant containing the platform for the probe trial.
Restraint Stress
Stressed group rats were restrained in their home cages using Rat Snuggles (Harvard Apparatus) for 3 h immediately preceding the probe trial (12PM -3PM). They were continuously monitored for the duration of the restraint and their vocalizations and struggles were noted and analyzed to construct an index of apparent distress (the number of times each rat squawked or struggled to get out of the restraint was tallied for each hour of the stress period). Control animals remained in the housing facility during the stress period and joined the stressed group at the beginning of the probe trial. Animals were returned to the housing facility at the conclusion of the probe trial for sleep data collection during the ensuing 12 hour inactive period.
Blood and Tissue Collection
On the following morning, animals were anesthetized with isoflurane and decapitated. Trunk blood was collected in K 2 EDTA vacutainers (BD biosciences) and immediately centrifuged at 1200 g for 10 min. The serum was collected for corticosterone and adrenocorticotropin (ACTH) hormone analysis (AniLytics Inc., Gaithersburg, MD; corticosterone: intra-assay CV 4.4%, min. detection limit 8 ng/ml; ACTH: intra-assay CV 4.1%, min. detection limit 6 pg/ml). Brain tissue was rapidly removed as in prior work (Buechel, et al., 2011 ,Buechel, et al., 2014 . Hippocampal tissue from one hemisphere was snap frozen while the other hemisphere was post-fixed in 4% formalin, cryoprotected in a 15% sucrose mixture and stored at −80°C for future use.
Results
Statistical tests and results are detailed in figure captions.
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Water Maze
The visual cue task (Fig. 2 A1 inset ) was used to determine if rats could perform non-spatial aspects of the water maze (all subjects performed to criterion-see Methods). Rats showed a significant improvement over training days. After this task, the animals underwent surgery and two weeks of recovery. Rats were then trained on the spatially cued Morris water maze task for three days and showed significantly shorter latencies and path lengths as commonly seen with training and indicate the animals are learning the location of the platform (Fig. 2 A1 and B1 ). On the fourth day, half of the animals (the 'Stress' group) were restrained. Animals showed 27.2 ± 6.0 vocalizations/ struggles over the 3 hour restraint period and did not appear to sleep at any point during restraint, in agreement with prior observations (Pawlyk, et al., 2008) . Immediately following restraint, all animals were presented with the water maze probe trial, which is used to test memory. For the probe trial, the submerged platform was removed and the animals were placed in the tank and allowed to swim for 60s. During the probe trial, software tracked time and distance within four platform-sized and symmetrically spaced rings, with ring 3 (R3) positioned over the original trained platform location. The total amount of time (Fig. 2 A2) and distance (Fig. 2 B2 ) the animals spent in each of the rings was measured and greater time/ distance inside R3 was interpreted as remembering the platform location. Control animals showed the expected preference for R3, while stress animals spent significantly less time and distance in R3.
Sleep Architecture
Four-hour blocks of time from the start of the inactive and active periods on both the day before the spatial water maze task (baseline) and following the probe trial (post-stress) were analyzed. As expected, the baseline recording (Fig. 3A) shows characteristic inactive to active period sleep changes such as significant increases in wake duration, and significant decreases in all sleep stages. Following the water maze probe trial (Fig. 3B) , the stress group's sleep stage duration architecture remained unchanged in both the inactive and active periods. However, there was a selective increase in delta power during deep sleep during the inactive period (Fig. 3 Inset) in the stress group. One animal's sleep data was omitted due to a broken EEG lead.
Body Temperature and Hormone Analysis
Psychosocial stress is well documented to induce relatively long-lasting hyperthermia in multiple mammalian species including rats and humans (Adriaan Bouwknecht, et al., 2007 ,Vinkers, et al., 2008 . In prior work, young, but not aged, animals exhibited this response. Here, body temperature was monitored using surgically implanted telemetry devices. The baseline temperature (Fig. 4A ) follows a circadian rhythm that is not altered by water maze exposure, but post-stress (Fig. 4B ) body temperatures are significantly elevated in the inactive period. The morning following the final sleep and temperature recordings, rats were euthanized and their trunk blood was collected for hormone analysis (see Methods). Neither CORT nor ACTH were significantly altered with treatment, although the reported values are elevated compared to prior work (Fig. 5A) . Hormone levels were elevated, even in control subjects, beyond normal physiological ranges previously reported (Sonntag, et al., 1987) . Further analysis revealed that glucocorticoid hormone levels varied as a function of the time after transport/ kill order (Fig. 5B ) and correlated strongly (Fig. 5C ) with ACTH levels. This suggests that transport (~20 minutes in a covered cart) had a detectable stress effect that endured for approximately 2 hours after transport was completed. Although subjects were balanced across treatment groups for kill order, these transport-related stress effects may have obfuscated the restraint paradigm's potential effects on blood stress hormone levels.
Discussion
Acute stress in young subjects causes spatial memory deficits (de Quervain, et al., 1998 ,de Quervain, et al., 2000 ,Stillman, et al., 1998 , elevated body temperature (Adriaan Bouwknecht, et al., 2007 ,Vinkers, et al., 2008 and loss of deep sleep (Kecklund and Akerstedt, 2004 ,Lesku, et al., 2008 ,Vandekerckhove, et al., 2011 . In
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prior work (Buechel, et al., 2014) we validated these effects in young animals, and further demonstrated that aged animals were hyporesponsive to the same stress exposure for these three measurements. However, other published studies also clearly show aged animals and humans are the more vulnerable chronic psychosocial stress population (Azuma, et al., 2015 ,Machado, et al., 2014 ,Prenderville, et al., 2015 ,SteinBehrens and Sapolsky, 1992 , that glucocorticoids themselves can be protective against stress (Rao, et al., 2012) , and that the aged hippocampus transcriptional profile in response to glucocorticoid exposure is fundamentally shifted from that of the young (Chen, et al., 2013) . Taken together, these data suggest that the lack of a response to stress can be maladaptive.
Very little work, though, has investigated acute stress response in mid-aged animals, despite the importance of the mid-age time point in the trajectory of age-related changes. Here, we tested this response in the context of behavior, sleep architecture and body temperature. Water maze probe trial performance was significantly worsened by restraint stress (Fig. 2 A2, 2 B2 ; 46% decrease in probe trial performance). In prior work from our lab (Buechel, et al., 2014) , young rats showed greater stress-induced cognitive impairment (significant 51% impairment) than aged (non-significant 14% impairment). This suggests that mid-aged rats' cognition has a young-like response to acute PS. While it's been shown that encountering stress before learning a task has minimal effects (Wolf, 2003) , or can even promote memory (Roozendaal, et al., 1997 ,Stamatakis, et al., 2008 ,Zheng, et al., 2007 , stress immediately prior to memory retrieval is well-understood to have detrimental effects (de Quervain, et al., 1998) , possibly via neuroendocrine signaling directly in the hippocampus (Thomas, 2015) or via the innervation of stress-sensitive circuitry from the forebrain (Paul, et al., 2015) . A study by Chen et al. (2013) also shows that the glucocorticoid-responsive molecular machinery in the hippocampus is altered with age, suggesting that the transcriptome may play a role in the mechanism for the loss of stress-related recall disruption with age. Here, we demonstrated that the recall-disrupting effects of stress exposure remain intact in mid-aged animals and may play a role in age-related cognitive decline detectable by mid-age (Blalock, et al., 2003 ,Guidi, et al., 2015 ,Pancani, et al., 2013 .
Both REM and deep sleep are significantly decreased with aging (Behan and Brownfield, 1999 ,Ehlers and Kupfer, 1989 ,Espiritu, 2008 ,Foley, et al., 1995 ,Pace-Schott and Spencer, 2011 ) and this loss is strongly associated with poor health and cognitive deficits (Ancoli-Israel, 2009 ). Previously (Buechel, et al., 2014) , we showed that young, but not aged, subjects responded to acute stress with by decreasing inactive period deep sleep duration (young: significant 20% decrease, aged: non-significant 1% increase) in the inactive period following an acute stress. Here, mid-aged animals, like aged animals in the prior work, appeared hyposensitive to stress-induced deep sleep loss ( Fig. 3 ; 5% decrease compared to age-matched controls), but did show young-like cognitive and body temperature stress responses. This suggests that age-related sleep changes may represent the initial shift in age-related stress hyposensitivity. Because sleep appears to be the first stress response to transition from a young-to an aged-like phenotype, future work should examine chronic deep sleep promotion, beginning at mid-age, as a beneficial therapeutic strategy for aging.
Interestingly, mid-aged animals did show an increase in delta power during deep sleep (Fig. 3B, inset) after stress, an effect not seen in either young or aged animals exposed to stress in prior work (Buechel et al., 2014) . Increasing deep sleep power is associated with improved stress resilience (Brand, et al., 2014) . It is tempting to speculate that the increased deep sleep power seen here after stress could indicate a mid-age stress-management phenomenon.
Mid-aged body temperature following stress was hyperthermic ( Fig. 4B; 1.3% increase) , characteristic of the stress-induced hyperthermia in young adult subjects. However, mid-aged animals did not show hyperthermia in response to water maze exposure (Fig. 4A) , a response that is statistically significant, albeit of lower magnitude, in young adult subjects (significant 2.2% increase) and absent in aged subjects (non-significant 0.6% increase) (Buechel, et al., 2014) . Thus, the mid-aged stress-induced hyperthermic response may be somewhat intermediate between that seen in young and aged subjects.
In our previous study (Buechel, et al., 2014) , stress-induced hyperthermia might have been associated with the increased wakefulness in the young during their inactive period, as body temperature is generally higher during wake. However, the middle-aged animals here did not show a significant increase in the time spent awake during their inactive period following the probe trial, but still showed an elevated body temperature. Alternatively, stress-induced hyperthermia could result from PGE 2 signaling in the preoptic area of the hypothalamus due to stress-induced norepinephrine release (Glavin, 1985 ,Nakane, et al., 1994 ,Oka, et al., 2001 ,Vellucci and Parrott, 1995 or corticotropin-releasing factor (CRF) stimulating brown adipose tissue (Morimoto, et al., 1993 ,Oka, et al., 2001 ). This latter observation may also help to explain why stress-induced hyperthermia (Buechel, et al., 2014) declines with age, as brown adipose tissue content is decreased in aged animals (Cannon and Nedergaard, 2004,Pfannenberg, et al., 2010) .
The influence of transport on stress hormone signaling observed here (Fig. 5B) has also been reported in other work (Dallmann, et al., 2006) . This is an important observation for researchers who are considering studies where transport can have a significant influence on endpoint measurements associated with stress, and, based on these studies, we would advise allowing at least a two hour 'cool down' period between transport and measurement.
Conclusions
Despite the relative importance of characterizing the psychosocial stress response phenotype in mid-aged animals, relatively little work has investigated this time-frame. Based on vocalizations/ struggles, all age groups undergoing the stress procedure perceived the restraint to be stressful while it was occurring. Mid-aged animals showed young-like body temperature and cognitive responses to stress, but aged-like sleep architecture hyposensitivity to stress. This suggests that, by mid-age, subjects have already established an aging-like hyporesponsive phenotype for sleep stress-response that may presage the age-related development of cognitive and body temperature stress hyposensitivity. Interestingly, mid-aged animals also showed a significant elevation in delta power during deep sleep. As it is often associated with improved sleep 'quality', increased post-stress delta power may represent a unique, mid-aged mechanism for compensating for psychosocial stress exposure, although further work will be needed to test this. . During the second week, all animals participated in 3 days of visual cue (3 trials/ day, 12PM -3PM). At the beginning of the third week, animals were surgically implanted with wireless telemetry devices and were allowed to recover. Baseline sleep and body temperature data were collected prior to spatial cue training (Inactive period-4 h-4:30 PM-8:30 PM on Sunday, and active period-4 h-4:30 AM to 8:30 AM on Monday). Spatial cue training began during the fifth week and lasted three days (Monday -Wednesday, 12PM -3PM). Body temperature data (gray symbols) also were collected for the first four hours of the inactive and active periods following the first spatial cue water maze training session on Monday. On the fourth day (Thursday), half of the animals were restrained for three hours (12PM -3PM) and all animals participated in the probe trial following the restraint period (3:15-3:45 PM) and post-restraint inactive and active period sleep and body temperature were recorded. On Friday, animals were transported from the vivarium to the lab for blood collection and tissue harvesting (9AM-11AM). 
Figure Captions
